The kinetics of isothermal extraction of caffeine from guarana seed under the action of ultrasonic field with simultaneous cooling (UESC) was investigated. The isothermal kinetics curves were measured at temperatures range T = 17-58°C. Using the model-fitting method it was determined that the kinetics of caffeine extraction can be described by a theoretical Jander threedimensional diffusional model. The values of the rate constant were calculated for different temperatures, as well as the kinetic parameters (activation energy (E a ) and preexponential factor (lnA)). Based on the results obtained, it is concluded that the rate constants of caffeine extraction under UESC are about 2 times higher in comparison to the values obtained for the extraction in the conditions of conventional heating (CH). The activation energy of the caffeine extraction under the UESC (E a UESC = 19.4 kJ·mol -1 ) is lower than the values are for CH (E a CH = 21.8 kJ·mol -1 ). Energy consumption for UESC is four times lower than for CH conditions. It is shown that there is a linear correlation relationship between kinetic parameters obtained for UESC and CH conditions. The changes in the values of kinetic parameters are explained by the model of selective transfer of energy from the reaction system to the reactant molecules.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenb irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De n A, A * is said to be self-dual whenever there exists an automorphism of the endom swaps A and A * . In this case such an automorphism is unique, and called the du The literature contains many examples of self-dual Leonard pairs. For instance ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4 Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair ass module for the Terwilliger algebra of a distance-regular graph that has a spin mod bra (see [1, Theorem] , [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized to (see [11, Lemma 14.8] ); (v) the Leonard pair consisting of any two of a modular Le De nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators bra, acting on an evaluation module (see [5, Proposition 9.2] ). The example (i) is a examples (iii), (iv) are special cases of (v).
Let A, A * denote a Leonard pair on V. We can determine whether A, A * is sel By [13, Lemma 1.3] each eigenspace of A, A * has dimension one. Let {θ i } d i= deno values of A. For ≤ i ≤ d let v i denote a θ i -eigenvector for A. The ordering {θ whenever A * acts on the basis {v i } d i= in an irreducible tridiagonal fashion. If the then the ordering {θ d−i } d i= is also standard, and no further ordering is standard. A * . Let {θ i } d i= denote a standard ordering of the eigenvalues of A. Then A, A * is se is a standard ordering of the eigenvalues of A * (see [7, Proposition 8.7] ).
Guarana (Paullinia cupana, Sapindaceae) is Amazon forests plant recognized by characteristic red capsulated fruit which contains few dark brown seeds. Although initially guarana was consumed internally by the Amazon population, later it became accepted worldwide as a medicinal plant with a lot of pharmacological effects [1] . These pharmacological effects of guarana can be attributed to the numerous active substances which are present mainly in guarana seed, and those are methylxanthine (caffeine, theophylline and theobromine), polyphenols, tannins, catechins, saponins, polysaccharides, and so forth [2] . Considering the high content of caffeine (from 3-7%) [3] , guarana is one of the most crucial caffeine source, a substance with many applications in the food and pharmaceutical industry where it is used due to the stimulatory effects on the metabolism, central nervous system, and gastrointestinal and respiratory systems. Caffeine also acts as a vasodilator and diuretic, increases energy, cognitive performance and neuromuscular coordination [4, 5] .
A lot of different techniques for caffeine extraction were described in the literature. Although conventional extractions (CE) of caffeine have been used for decades, due to numerous drawbacks, various novel extraction techniques have been employed for the improvement of solvent extraction. Among them, the ultrasound-assisted (UAE) and microwave-assisted extraction (MAE) are techniques whose usage is increasing owing to the fact that these techniques can lead to the intensification of processes. That is mainly attributed to the physical and chemical effects of ultrasound and microwave fields on the kinetics of chemical reactions and physicochemical processes.
The articles about the application of MAE for caffeine extraction are extensively searched and mentioned in our previous work [6] . Also, the isothermal MAE of caffeine from guarana seed was accomplished and presented in our previous work [7] .
The ultrasound-assisted extraction (UAE) is described in the literature as a technique that offers advantages in extraction, such as reduction of extraction time, improved quality of extract and energy efficient [8] . The action of ultrasonic field is related to the chemical effects (forming different kinds of reactive radicals H°, °OH, °OOH) and physical effects (microstreaming, microturbulence, liquid microjets) of this field in solid-liquid systems which are caused by cavitation phenomenon [9] .
The knowledge of the kinetics of extraction (kinetics model, kinetic parameters, kinetics complexity) is essential since it represents the basis for the simulation, control, development and advancement of the extraction technologies. To describe the kinetics of solid-liquid extraction of various bioactive compounds from plant material, empirical models such as Peleg equation [10] , Ponomaryov equation [11] , So and Mcdonald model [12] , and Patricelli model [13] is proposed. Theoretical models which are applied for describing the solvent extractions include different order-based models [14] [15] [16] , and the analytical solution of Fick's second law of diffusion [17, 18] . Furthermore, for modelling the solid-liquid extractions two-parametric theoretical models which are derived from Fick's law such as film theory and unsteady state diffusion [11, 19] are also used. However, no relevant kinetic model of caffeine extraction under the UESC has been reported.
Knowing that there are no available literature data about the extraction under the action of ultrasonic field with simultaneous cooling (UESC), which is necessary for objective determination of the effects of an ultrasonic field, in this work the kinetics of caffeine extraction from guarana seed (i.e. kinetics model, kinetic parameters, kinetics complexity) under the UESC was investigated.
Materials and methods

Plant material and chemical reagents
Powdered guarana seeds were purchased from the local market in Brazil. The total content of caffeine in guarana seed (4.78% w/w), the moisture content (7.8%) and particle size (dp ≤ 250 μm) were determined and provided in our previous work [7] .
Hydrochloric acid (36%) and sulphuric acid (98%) both p.a grade were purchased from Zorka Pharma (Šabac, Serbia). Lead acetate anhydrous (≥ 33 % basic Pb as PbO) (p.a.) was supplied from Carlo Erba (Milano, Italy). Caffeine, laboratory grade, was procured from Fisher Scientific UK, Bishop Meadow Road, Leics, LE11 5RG, UK.
Extraction of caffeine from guarana seed under the action of ultrasonic field with simultaneous cooling
Extraction of caffeine from guarana seed under the action of ultrasonic field with simultaneous cooling (UESC) was carried out in various temperature within the range of 17-58°C (± 1.0°C) using a thermostatically controlled ultrasonic reactor (Model VC 750 made by Sonics and Materials Inc. USA; with 20 kHz working frequency and 750 W -amplitude setting displayed in % on the scale of 10-100). The ultrasonic reactor consists of a titanium alloy ultrasonic probe with a 13 mm diameter tip. The schematic representation of ultrasonic reactor with simultaneous cooling system is presented on Figure 1 . The guarana seed powder (1.0 g) was added to distilled water (80 mL) at a predetermined temperature. An ultrasonic probe was submerged in the extraction suspension at about 5 cm depth. The temperature was controlled using a thermometer which was placed within the extraction suspension at the same depth as the ultrasonic probe. The described ultrasonic reactor is modified in order to provide isothermal conditions, so the extraction suspension is simultaneously cooled by using a double-walled reaction vessel. In predominated time intervals, aliquots were collected from the extraction mixture and filtered using the Munktell No. 8 filter paper, (Munktell, Grycksbo, Sweden). All the aliquots were collected from the same area of extraction mixture all the time. All the extractions were performed in triplicate and average value has been reported in the figures.
Determination of caffeine concentration in the extract
Since guarana contains tannins which could interfere with the determination of caffeine, the removal of tannins from extract was achieved by using a method with a leadacetate solution for precipitation of tannins which is proposed and developed by Yao et al. [20] . The absorbance of the caffeine solution was measured at a wavelength of 274 nm using a UV-Vis spectrophotometer, Agilent Technologies, US. The caffeine concentration (C, (mg·L -1 )) was determined using a standard curve of caffeine (0-1000 mg·L -1 ) as described in our previous work [7] .
Determination of extraction degree
The degree of extraction (α) was determined by the expression:
the mechanism of the complex reaction is known, their kinetics may be described with a set of differential kinetics equations of each particular elementary stage of the overall reaction.
On the contrary to this, the single-step approximation (SSA) [22] , starts from the assumption that: a) the rate of kinetically complex reaction (dα⁄dt) depends only on the temperature (T) and the degree of conversion/extraction (α) and, b) the rate of a reaction or process can be presented as a product of two independent functions k (T) and f (α).
In that case, the rate of the multi-stage reaction can be described with the following expression:
where k (T) is a rate constant which depends solely on temperature and usually is expressed by the Arrhenius equation and f (α) which is an analytical expression describing the kinetic model of the deliberate process.
In that way, the SSA enables to describe the kinetics of complex reaction with only one general equation for the rate of the process, instead of using a set of differential equations.
Friedman differential isoconversional method
The dependences of the activation energy (E a ) on the extraction degree (α) for the investigated process of caffeine extraction under UESC were established by the Friedman differential isoconversional method [23] . This method is based on single-step approximation and
where C (mg·L -1 ) is the concentration of caffeine in water extract in the time interval t, and C max is the maximal concentration of caffeine in water extract which is calculated concerning the total content of caffeine in guarana seed (4.78% w/w). The total content of caffeine in guarana seed was established by applying the method for determining the total concentration of caffeine in tea and coffee proposed by Wanyika et al. [21] .
Energy consummation
Energy consummation is defined to quantify the required energy to obtain 1 g of product (caffeine) in terms of efficiency. Energy efficiency (E eff ) is calculated using equation:
Methods for kinetic analysis 2.6.1. The single-step approximation
The kinetics of the processes with the participation of the solid phase is usually unknown, complex and they tend to occur in multiple steps. For the mathematically describing such types of the processes, the knowledge about the mechanism of that process is required, which means knowing the order of the occurring the elementary stages of the progress of the complex reaction. When isoconversional principle, according to which the reaction rate at a constant extraction rate (α) is only a function of temperature. According to this method, the logarithm form of rate equation can be expressed as:
where (dα/dt)α is the reaction/process rate, which is specifically here the rate of extraction at given extraction degree (α), T α is the temperature when extraction degree on certain temperature regime is achieved, A α is the preexponential factor on given extraction degree, E a,α is the activation energy on given extraction degree, and R is the gas constant. By plotting the dependence of ln (dα/dT) α versus T -1 (Eq. 4), the values of activation energies of extraction of caffeine under the UESC at different values of α can be provided. Besides, the dependence of E a vs α helps to disclose the complexity of the investigated process.
Model-fitting method
The model-fitting method is used to establish the kinetic model of investigated extraction process [24] . In accordance with this method, the experimentally obtained conversion curve (the dependence of the degree of extraction on time (α = f (t)) is transformed into experimental normalized conversion curve (α = f (t n )), where t n is the normalized time defined as: t n = t/t 0.9 , and t 0.9 is the time when the degree of extraction of 0.9 is reached. By using the model-fitting method, kinetic model of investigated reaction/process is determined by comparing normalized experimentally conversion curve of reaction/ process (α = f (t n )) with the normalized conversion curves of chosen theoretical and empirical models (α iM = f (t n )). For the defined set of t n values in the range from 0-1, with 0.05 step, the sum of the squares of the deviation of each of the selected models from the experimental normalized conversion curve is calculated. The theoretical or empirical kinetic model whose sum of squares of deviation from the normalized experimentally conversion curve gives minimal values is accepted for the kinetic model of the investigated reaction/process.
Kinetic models of solid-liquid extraction
Based on the available literature data, the commonly employed kinetic models for modelling the kinetics of the solid-liquid extraction process under the conditions of conventional heating and ultrasonic field are: a) the Spiro reaction model [15] ; b) Fick's second law of diffusion [17, 18] ; and c) unsteady state diffusion through plant material [19] .
Spiro et al. [15] used the theoretical model which is based on the assumption that extraction kinetics can be described by a first-order chemical reaction, to describe the kinetics of conventional solid-liquid extraction of caffeine from tea leaves.
The linear form of a kinetic model proposed by Spiro is given by expression [15] :
where the C ∞ is an equilibrium concentration of caffeine (g/L) at the highest temperature, and the C is the concentration of caffeine at time t (min), k s is firstorder rate constant (min -1 ), and α is an integration constant.
Tao et al. [18] described the kinetics of ultrasoundassisted solid-liquid extraction of phenolic compounds from grape marc using theoretical model based on Fick's second law of diffusion.
The linear form of a diffusion model derived from the Fick's second law is expressed as follows [18] : 
where the M ∞ is the maximum amount of solute (mg/g) extracted after the infinite time; the M t is the amount of solute (mg/g) extracted from raw materials at time t; the D e is the solute effective diffusion coefficient (m 2 /s); t is time (s); and the R is the radius of particles (m). Veličković et al. [11] and Stanisavljević et al. [19] used the two-parameter theoretical kinetic model, the unsteady state diffusion through plant material, to model the kinetics of ultrasound-assisted solid-liquid extraction of various substances from garden and glutinous sage, and oil from tobacco seeds, respectively.
The linear form of unsteady state diffusion model can be expressed as [19] :
where the q is the content of the caffeine in the guarana seeds during the extraction (g/100 g); the q 0 is the content of caffeine initially present in the guarana seeds (g/100 g); the b′ is the washing coefficient, the k′ is the slow extraction coefficient, (min -1 ); and t is the time (min). Figure 2 shows the kinetic curves of extraction of caffeine under the UESC (dependence of C vs time), at different temperatures.
The kinetic curves of caffeine extraction under the UESC at all the examined temperatures have the same complex shape. It can be noticed that with raising the temperature of extraction, the concentration of caffeine is increasing (from 0.448 g·L -1 at 17°C to 0.534 g·L -1 at 58°C), and the duration of linear changes and time required to achieve the plateau are reducing.
Since the kinetics of extraction is commonly modelled with kinetic models: Spiro model, Fick's second law of diffusion, and model of unsteady state diffusion through plant material, the possibility of modelling the kinetics of extraction of caffeine under the UESC by using these models were investigated. The linearized forms of the evaluated kinetic models are shown in Figures 3a-c.
According to the results presented in Figures 3a-c , the linearized forms of all the investigated model equations didn't fit the experimental data very well during the whole process at all studied temperatures. Therefore, the kinetics of caffeine extraction under the UESC cannot be modelled by the above examined kinetic models.
In order to explore the possibility of employing the SSA on the kinetics of extraction of caffeine from guarana seed under the UESC, the shape of the dependence of dC/dt vs degree of extraction was investigated. Figure 4 illustrates the change of dC/dt on the degree of extraction at different temperatures. As can be noticed from Figure 4 the shape of the dependence dC/dt on α does not change with the change in temperature. The temperature independence of the shape of dC/dt, and on α confirms that the reaction model does not change and thus indicates that it is possible to apply single-step approximation for describing the kinetics of extraction of caffeine from guarana seed under the UESC.
In accordance with Friedman isoconversional method, the dependence of ln (dα/dt)α on 1/T (K -1 ) is shown on Figure 5 .
As can be seen from the results presented in Figure 5 , there was a linear relationship between ln (dα/dt)α and 1/T for all degrees of caffeine extraction. With that in mind, from the slopes and intercepts of these straight lines, the values of the kinetic parameters (E a,α and lnA α ) for different degrees of caffeine extraction were calculated. The dependency of the activation energy on the degree of caffeine extraction was determined ( Figure 6 ).
As can be observed from Figure 6 , the value of activation energy determined by Friedman's differential isoconversional method is independent on the degree of caffeine extraction. This confirms that there is one ratelimiting step of the investigated extraction process with a calculated value of E a,α = 19.00 ± 2.7 kJ·mol -1 .
The independence of E a,α on α enabled applying the model-fitting method for determining the correct kinetic model of the caffeine extraction under the action of UESC. By analyzing the sum of squares of the deviation between the experimental normalized conversional curve, and the normalized theoretical model conversional curve, it can be concluded that the investigated kinetics can be modelled by Jander three-dimensional diffusional (3D) model [25] , which is given by the following equation:
where k M is model rate constant. If the previous statement is correct, the dependence of [1-(1-α) 1/3 ] 2 vs time should be linear. This dependence is shown in Figure 7 . From Figure 7 it can be seen that for all studied temperatures, the plot of [1-(1-α) 1/3 ] 2 on the extraction time resulted in a linear function throughout the entire range of investigated extraction process. The suitability of the chosen kinetic model for fitting the experimental data of caffeine extraction under the UESC can be proved with a high value of R adj 2 coefficient, which is between 0.994 and 0.997. Therefore, it can be concluded that the Jander 3D model is appropriate for describing the extraction of caffeine from guarana seed under the UESC.
Several possible mass transfer mechanism has been proposed in order to model the extraction of active substance from some plant material: a) entry of the solvent into the solid matrix, b) solvent penetration and diffusion inside the solid matrix, c) solubilization of the soluble compound, d) solute transport to the surface of the solid matrix by diffusion, e) migration of the extraction solute from external surface into the bulk solution.
The basic assumptions of the Jander 3D model [25] , are: 1) The solid phase consisted of N spherical shape particles, with the defined radius (r o ); 2) The activity of the reactants does not change on either side of the reaction surface; 3) The product of the reaction does not affect the reactants; 4) The surface of the reactant is continually covered by the particles of the second reactant; 5) The volume diffusion of the reactant takes place in one direction;
6) The diffusion coefficient (D) of the migrating reactant is not a function of time (t); 7) The growth of the reactive surface layer takes place along the parabolic low:
where d t is thickness of the product layer, k is rate constant of diffusion, D is diffusion coefficient of migrating specie, and t is time of reaction. 8) The chemical reaction at a phase boundary is faster than the rate of the transfer of reactant. In that case, volume of unreacted ratio of solid phase in time (t) is given by equation:
Volume of unreacted ratio of solid phase can be calculated using following equation: where α is conversion or extraction degree. By combining Eq. 10 and 11 and with rearranging, the thickness of the product layer can be expressed as follows:
By squaring both sides of Eq. 12 and by substituting Eq. 9 into the Eq. 12, following can be obtained: = , we can obtain following:
where k M is a model rate constant.
Since the Jander theoretical 3D model can be used for a complete description of the kinetics of caffeine extraction from guarana seeds, with a high degree of certainty we claim that: • the rate-limiting step of the investigated extraction is volume diffusion of water to the caffeine molecule; • the volume diffusion of the reactant takes place in one direction; • the diffusion coefficient (D) of the migrating reactant is not a function of time (t); • the growth of the reactive surface layer takes place along the parabolic low.
In order to confirm the above statements and based on the knowledge of temperature dependence of the model rate constant (k M UESC ), by using the Arrhenius equation the values of kinetic parameters (activation energy (E a UESC ) and pre-exponential factor (lnA UESC )) for the investigated extraction process were determined.
The values of the model rate constant (k M UESC ) and kinetic parameters for the extraction of caffeine from guarana seed under the UESC is given in Table 1 .
The value of activation energy of extraction of caffeine from guarana seed under the UESC calculated by using the differential isoconversional method was E a,α = 19.00 ± 2.7 kJ·mol -1 , which is in agreement with E a obtained from the determined kinetic model which was found to be E a = 19.4 ± 3.5 kJ·mol -1 . The E a values obtained in the present study are in agreement also with those depicted in the literature for the kinetics of UAE of different bioactive compounds from the plant material. Jawade and Chavan reported E a of 20.49 kJ·mol -1 for UAE of aloin from Aloe Vera gel within the temperature range from 30 to 50°C [26] . Tao et al. [18] noticed the values of E a in the range from 16.5 to 19.9 kJ·mol -1 for UAE of phenols from grape marc at temperatures from 20 to 50°C. Also, the value of E a which is lower than 20 kJ·mol -1 was found to be distinctive for the extraction process which is managed by the diffusion [27] .
By comparing the herein obtained kinetics results for caffeine extraction under the UESC with the isothermal caffeine extraction under conventional heating (CH) and microwave heating (MWH) published in our previous works [6, 7] , it can be concluded that the same kinetics model (Jander 3D model) can be used for describing the kinetics of caffeine extraction under the conditions of all these fields. The values of kinetic parameters (E a and ln A) for process under the UESC was found to be lower than the values for the conventional heating conditions (E a UESC = 19.4 kJ·mol -1 , ln A UESC = 5.2 min -1 ; E a CH = 21.8 kJ·mol -1 , ln A CH = 6.6 min -1 ) or higher than the values for the microwave heating conditions (E a MWH = 17.1 kJ·mol -1 , ln A MWH = 4.1 min -1 ).
Review of the literature [28, 29] suggests that combinations of various physical, mechanical, chemical and biochemical processes occur during application of ultrasound in extraction processes. The mechanism of UAE can be summarized as follows: a) enhanced mass transfer via turbulent mixing and acoustic streaming, b) surface damage at solvent-matrix interface by shock waves and microjets, c) high-velocity interparticle where ΔT = T UESC -T collisions, d) disintegration of matrix to increase surface area, e) occurrence of hot-points and overheating. Because the overheating of the extraction system is ordinarily mentioned as a reason of acceleration of extraction rate, the influence of overheating on the kinetics of extraction is objectively determined. The knowledge about the calculated values of the rate constants for the caffeine extraction under the conventional heating conditions 
where K * is the increment of the value of the constant rate of caffeine extraction in conditions of simultaneous cooling and ultrasound field, the T UESC is a hypothetical temperature in the extraction mixture to which experimentally determined value of the k M UESC corresponds, and T is experimentally temperature measured in UESC system. Based on the knowledge of the values for the rate constants (k M CH and k M UESC ) by using the expression (Eq. 15), the T UESC can be concluded (Eq. 16, Table 2) :
Considering the fact that the calculated values of T UESC are about 35°C higher compared to the actually measured values of the temperature in ultrasonic reactor, which significantly exceed the accuracy of the ultrasonic reactor temperature measurement system (± 1°C), it can be stated that the increase in values of the rate of extraction and decrease in values of kinetic parameters under the UESC is not incurred as a consequence of hot spots and overheating of a extraction mixture.
By comparing the determined values of kinetic parameters for the process of caffeine extraction under the influence of the investigated physical fields (thermal, microwave, or ultrasound), then, it can be concluded that there is a distinctly defined linear relationship (compensation effect) between E a and lnA under the influence of the investigated physical fields that can be described by the expression:
where E a,F and lnA F are the activation energy and preexponential factor in a defined physical field (thermal, microwave, or ultrasound). The values E a,F and lnA F in thermal and microwave field are previously determined in our work [6] .
When the values of kinetic parameters of caffeine extraction in conditions of different physical fields is compered, the existence of compensation relationship indicates that the mechanism of activation of caffeine is independent on the presence of physical field and can be explained with SET model [6, 30] . Following this model, the values of the wave number of resonant vibrations (ν), vibration quantum number (n) and anharmonicity parameter (x) for extraction in the ultrasonic field, and under conventional and microwave heating are obtained and given in Table 3 .
Considering the results which are given for the process of caffeine extraction from guarana seed in ultrasonic field (i.e. UESC), under conventional heating (i.e. conventional extraction) and under microwave heating (i.e. microwaveassisted extraction) (Table 3) , it is possible to conclude that ultrasonic field is not causing changes in the mechanism of the activation of the caffeine molecule for the extraction process. Thus, the mechanism of activation of caffeine molecule for the extraction process under ultrasonic field is identical as the process of extraction under CH and MWH, and it is produced via selective transfer of required energy (E a ) from solvent (water) to the resonant vibration mode of the caffeine molecule. The calculated wave number of resonant vibrations (ν = 317 cm -1 ) which is the same for the extraction process under the influence of all three physical fields (ultrasonic, thermal and microwave), correspond to the N3-CH 3 (in-plane) bending vibration in caffeine molecule [31] . Moreover, the calculated wave number of vibrations is relatively close to libration motions of the water molecules which according to Dominguez-Vidal et al. [32] occur above 300 cm -1 and with which the caffeine molecule is in resonance. Taking into account these results, the established decrease in values of E a of the process of caffeine extraction under the influence of both, the ultrasonic and microwave field, could be explained with the fewer number of quanta required to activate the caffeine molecule for the extraction process in these fields relative to the thermal field. Reduced number of necessary quanta is most presumably caused by the increased energy of the ground resonant vibrational mode of the caffeine molecule which is a consequence of absorption of the energy from the ultrasonic and microwave fields. This absorption of energy leads to the increase in extraction rate and the decrease in kinetic parameters of the process of caffeine extraction from guarana seed under the influence of ultrasonic and microwave field, compared to the thermal field. Furthermore, the lower value of lnA for the process under the UESC and MWH, compared to the thermal field is confirmed with the higher values of anharmonicity factor.
Conclusions
The shape of the established kinetic curves of caffeine extraction under the action of the ultrasonic field with simultaneous cooling does not change with the temperature. With increasing the temperature of a process in the ultrasonic field, the rate of extraction and maximal degree of extraction are increased. The kinetics of caffeine extraction under the UESC cannot be modelled by the most commonly employed kinetic models (Spiro's model; model based on Fick's second law of diffusion and model of non-steady state diffusion). The activation energy of the investigated process under the UESC is independent on the degree of caffeine extraction thus confirming the existence of one rate-limiting step of the investigated process. The Jander 3D model can describe the process of extraction of caffeine from guarana seed which is performed in conditions of the ultrasonic field. Energy consumption of UESC is found to be at least 4 times lower than for conventional conditions (E eff UESC = 2·10 6 J/g; E eff CH = 9·10 6 J/g). The calculated value of activation energy of the process of caffeine extraction under the action of ultrasonic field is lower than E a of the same process under conventional heating, and higher when compared with the values of E a of microwave-assisted extraction. The decrease in kinetic parameters (E a , lnA) of the process of caffeine extraction under the UESC and the potential explanation of the effects of the ultrasonic field on the kinetics of extraction of caffeine from guarana seed is provided by applying the SET model.
